modules initiated using the same rules, or are they initiated independently? To address these 1 4 5 questions, it is necessary to determine the generalities of landing responses, irrespective of 1 4 6 orientation of landing. Here, we filmed at high frame rates (3000 or 4000 fps), the landing 1 4 7 behavior of houseflies (Musca domestica) on plane surfaces oriented along two directions, Corporation, Taipei, Taiwan). Flies were introduced into the filming chamber from the top. Landings on the object were recorded at 3000 fps by two synced high speed cameras high-speed cameras were calibrated using a standard object. The flies generally performed a 1 7 7 saccade towards the object before landing, as has also been reported in the case of Drosophila 1 7 8 melanogaster (van Breugel and Dickinson, 2012) . The frame where the saccade appeared to 1 7 9 end was selected as the start point of each video. The frame of first contact with the landing 1 8 0 surface was chosen as the end point of the video. The flight chamber for filming inverted landings comprised of a glass box (5 cm × 5 cm × 10 1 8 3 cm) with a translucent filter paper ceiling ( Fig 1B) . A black square outline (side length= 1.5 1 8 4 cm, line thickness= 2 mm) was drawn approximately on the center of the ceiling, to provide 1 8 5 an expansion stimulus as the fly approached the ceiling. A batch of 3-6 flies were starved for We wrote custom code in MATLAB to identify all the local maxima and minima in the plots 2 1 7 of perpendicular velocity (v) vs time ( Fig. 2A-B , E-F) and distance from substrate as a 2 1 8 function of perpendicular velocity . Trials in which the final extremum 2 1 9 before touchdown was a minimum were classified as having no deceleration before 2 2 0 touchdown (Fig. 2B, F) . In the remaining trials, the final maximum velocity before first 2 2 1 contact with the landing surface was classified as the onset of deceleration ( Fig. 2A, E) . Unlike the onset of deceleration which required the above calculations, the onset of leg- which either one or both the front legs began to be raised dorsally was chosen as the frame of 2 2 5 onset of leg-extension. In 6 out of the 18 vertical landing trials, the fly had extended its legs 2 2 6 before arriving in the field of view of both cameras. Therefore, the frame of onset of leg-2 2 7 extension is unknown for these trials. In 10 out of 32 inverted landing trials, the fly extended 2 2 8 its legs at the takeoff point and kept them extended. For these trials, leg extension could not 2 2 9 be attributed to landing per se, and hence we did not include these trials in the analysis of the 2 3 0 initiation of leg extension. To test whether flies initiate both components of the landing behavior at a distance that is 2 3 3 proportional to perpendicular velocity (constant tau hypothesis), we plotted distance from the this best-fit line is defined as tau. High R 2 values would support the constant tau hypothesis. If flies initiate a module at a fixed distance from the landing platform, then the inter-trial 2 3 9 variability in distance at the onset of the module is expected to be low. If flies utilize the 2 4 0 same cues for releasing both deceleration and leg-extension but with different latencies, we 2 4 1 should expect stereotypy in the time difference between the modules. We next plotted time to plots. High R 2 values would support the hypothesis of both modules being initiated by the 2 4 7 same stimuli. Because we could not a priori assume normal distribution of the data on distance from the 2 5 0 substrate and tau values for the head-contact vs. feet-contact flies, we used a non-parametric The landing behaviors for landing on vertical surfaces consist of two components -2 5 7 deceleration of the body and extension of legs -that occur immediately prior to landing. Of 2 5 8 the 18 vertical landing trials, we observed a phase of deceleration before touchdown in 13 2 5 9 trials ( Fig. 2A ). In the remaining 5 trials (Fig. 2B ), the flies did not decelerate but we contrast, the correlation between displacement and perpendicular velocity at the onset of leg-2 6 6 extension is weaker (R 2 = 0.17; Fig. 2D ), suggesting that leg-extension in landing flies is not 2 6 7 initiated at a threshold value of tau. Of the 32 flies which landed on the ceiling, 25 flies decelerated before touchdown ( Fig. 2E ). In the remaining 7 trials, the flies did not decelerate before touchdown ( Fig. 2F ) (see Materials and methods). However, they extended their legs. Similar to vertical landings, these 2 7 2 flies also typically approached the ceiling at velocities less than 0.4 m/s. For the flies that 2 7 3 decelerated, there was only a weak linear relationship between displacement and 2 7 4 perpendicular velocity at the onset of deceleration (R 2 = 0.079; Fig. 2G ) and at the onset of 2 7 5 leg-extension (R 2 = 0.036; Fig. 2H ). These results indicate that for inverted landings, neither 2 7 6 deceleration nor leg-extension were initiated at threshold values of tau. The inverted landing trials could be grouped into two categories. In 15 trials, the flies 2 7 8 bump their head on the landing surface before eventually landing on it, whereas in the 2 7 9 remaining 17 trials, the head did not touch the landing surface during the course of the 2 8 0 landing maneuver (Fig. 3A) . We make the assumption that in the former scenario, which we 2 8 1 refer to as head-contact landing, flies were unable to land in a controlled fashion, and that the 2 8 2 head-on collisions with the landing surface are symptomatic of a lack of control. In the latter 2 8 3 scenario, which we call feet-contact landing, the flies were able to land with their feet on the 2 8 4 surface, and hence we assume that they were in control of their landing maneuver. Flies that 2 8 5 landed head-contact into the inverted surface typically approached it with larger 2 8 6 perpendicular velocities (blue lines, Fig. 3B ) than the flies that landed feet-contact (red lines, Out of the 25 flies which decelerated before touchdown ( Fig. 2E ), 12 performed a 2 8 9 feet-contact landing and 13 performed a head-contact landing. The flies that performed 2 9 0 inverted feet-contact landings, showed a strong linear relationship between distance from the 2 9 1 substrate and perpendicular velocity at the onset of deceleration (n=12; R 2 = 0.69; Fig. 3C ), 2 9 2 implying that these flies initiated deceleration at a fixed value of tau. In flies that landed 2 9 3 head-contact, on the other hand, the relationship between the distance from the substrate at suggesting that if a fly does not decelerate at or before the threshold value of tau, it is unable 2 9 6 to land in a controlled manner. Thus, as shown above, flies initiated deceleration at a constant 2 9 7 tau before vertical landing, or when landing feet-contact on the inverted surface ( Fig. 2C ; 2 9 8 3C). However, the correlation between distance from object and perpendicular velocity at the 2 9 9 onset of leg-extension was weak, regardless of the type of landing (vertical landing; Fig. 2D ; 3 0 0 inverted landing; Fig 2H) . These results indicate that the deceleration module is elicited 3 0 1 independently of the leg-extension module, and perhaps by a different set of cues. Is there a relationship between the approach kinematics and control of landing?
Testing hypotheses for the initiation of deceleration and leg-extension
Although the distance from the substrate at which deceleration was initiated was similar for 3 0 4 flies that landed feet-contact vs. head-contact (Wilcoxon ranksum test, p>0.05; Fig 3E) , there 3 0 5 was significant difference in their tau values (Wilcoxon ranksum test, p<0.01; Fig 3F) . The deceleration of feet-contact as opposed to head-contact suggests that an optimal tau margin of 3 0 9 41 ± 9 ms (μ ± σ ) was required for initiating deceleration in a properly controlled maneuver. Flies that missed this window were likely to bump their heads against the inverted landing 3 1 1 surface. Both the flies that performed feet-contact landings and the ones that landed head-3 1 2 contact, decelerated at rates that do not differ significantly (Wilcoxon Ranksum Test, p>0.05; 3 1 3 Fig. S1B ), suggesting that flies did not compensate for missing the tau margin by increasing 3 1 4 average deceleration. both feet-contact landing (n=14; R 2 = 0.020; Fig. 4A ) and for head-contact landing (n=8; R 2 = 3 2 0 0.17; Fig. 4B ). This implies that flies landing feet-contact on inverted surfaces did not initiate 3 2 1 leg extension at a constant tau. These flies did not significantly differ in the distance from the landed feet-contact (Wilcoxon ranksum test, p<0.05; Fig 4D) . This also shows that longer tau 3 2 5
is essential for landing in a controlled manner. Dependence of the initiation of deceleration on the orientation of the landing surface 3 2 7
We next plotted the distance from substrate against perpendicular velocity at the onset of obtained a weak correlation between the two quantities (R 2 = 0.14). These trials however contact, we obtain a stronger correlation between distance from substrate and perpendicular 3 3 2 velocity at the onset of deceleration (R 2 = 0.74). This implies that flies that land feet-contact 3 3 3 initiate deceleration at the same tau before touchdown on both vertical or inverted surfaces 3 3 4 ( Fig. 5B ) and hence the neuronal and mechanistic basis of onset of deceleration may be the 3 3 5 same in both cases, regardless of the orientation of the surface. Because there is consistency in the onset of deceleration between vertical and inverted 3 3 7 feet-contact landings, we wanted to test if a similar stereotypy could be observed in the rate surface decelerate at lower rates compared to flies approaching the inverted surface 3 4 0 (Wilcoxon ranksum test, p<0.01; Fig. 5C ). Thus, the rate of deceleration appears to be As demonstrated in the previous sections, flies initiated deceleration at a constant tau before 3 4 4 landing on the vertical surface or smoothly on the upside down surface ( Fig. 2C; 3C ).
Correlation between deceleration and leg-extension

4 5
However, the correlation between displacement and perpendicular velocity at the onset of 3 4 6 leg-extension was weak, regardless of the type of landing ( Fig. 2D, H; 4A contact landings (R 2 = 0.26; Fig. 5G ). Therefore, it seems unlikely that the same sensory cues velocity perpendicular to the landing surface i.e. at a fixed tau (Fig. 2C) . In nearly half of the 3 6 5 flies in the inverted landing assay, there was head-contact while landing (head-contact; see Supplementary videos) whereas the rest touched their tarsi on the surface first before 3 6 7 swiveling around and landing (feet-contact) but not their heads. In the case of feet-contact, 3 6 8 deceleration was also initiated at a threshold value of tau (Fig. 3C ). This threshold magnitude 3 6 9
of tau was similar to the magnitude used by flies while initiating deceleration before 3 7 0 touchdown on the vertical surface (Fig. 5B) . The correlation between displacement and 3 7 1 perpendicular velocity at the onset of leg-extension was weak regardless of the landing surface (vertical or inverted; Fig. 2D, H) , or the type of landing (feet-contact or head-contact) 3 7 3 ( Fig 2H; 4A, B) . Flies that performed a head-contact during inverted landings typically 3 7 4 approached the landing surface at higher perpendicular velocities (Fig. 3B) . Additionally, 3 7 5 they triggered both deceleration ( Fig 3F) and leg-extension ( Fig. 4D) at lower values of tau 3 7 6 compared to the flies that landed smoothly. It has been demonstrated in a previous study that houseflies approaching a sphere initiate 3 7 9 deceleration at a threshold value of tau (Wagner, 1982) . A fly landing on a sphere can 3 8 0 potentially contact the surface at any inclination ranging from horizontal to upside down, 3 8 1 depending on the orientation of the landing spot which was not recorded in the study. In the 3 8 2 current study, we have shown that houseflies initiate deceleration at a fixed value of tau 3 8 3 regardless of whether they land on a vertical surface, or feet-first on an inverted surface. (Wagner, 1986) and Drosophila melanogaster (David, 1978) are known to be inversely to landing in some cases, but a combination of roll, pitch and yaw maneuvers before landing inverted landings, flies that performed feet-contact inverted landings initiated deceleration at 3 9 4 a constant value of tau. Moreover, the magnitude of tau at the onset of deceleration was also 3 9 5 similar for both vertical and inverted landings. Together, these results indicate that flies likely 3 9 6 follow the same rules to initiate deceleration before touchdown on any kind of object. A The current study adds to the growing body of evidence that nervous systems of between two points on the surface to the rate of change of angular separation between these 4 1 4 two points (provided the points are close in space; Lee, 1976) . Thus to estimate tau, the 4 1 5 nervous system should be able to compute angular size, and rate of angular expansion of 4 1 6 objects. Additionally, it must be capable of comparing these two quantities in real time. Wang and Frost, 1992), which showed that the response onset and peak firing to a looming 4 2 1 object of a sub-population of neurons in the nucleus rotundus occurred at a fixed tau, 4 2 2 irrespective of the angular size or velocity of the object. was also a function of the number of arms in the rotating spiral (which correlates with spatial 4 3 0 frequency) (Ibbotson et al., 2017) . In flies, the lobula plate tangential cells integrate inputs 4 3 1 from local motion detectors and respond to wide-field motion (for a detailed review see Borst ganglia are required to test this hypothesis.
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A recent study demonstrated that Drosophila melanogaster decelerate to a near hover 4 4 9 state, followed by acceleration until touchdown on a vertical pole (Shen and Sun, 2017) . and should be studied in greater detail. head. Such flies typically approached the ceiling with higher velocity (Fig. 3B) , and initiated 4 6 0 deceleration and leg-extension at lower values of tau (Fig. 3 F;4 D) . This was not observed in Crashes into the landing surface have also been documented in previous papers. For instance, around 36% of Drosophila melanogaster approaching a cylindrical landing post 4 7 0 crashed into it (van Breugel and Dickinson, 2012) . In their experiments, the sub-population 4 7 1 that crashed did not differ from the landing flies in the retinal size dependent threshold 4 7 2 velocity at which they began deceleration. Instead, these flies decelerated at a lower rate, 4 7 3 often failing to extend their legs before touchdown. In the current study, we did not find 4 7 4 significant differences in the rate of deceleration between feet-contact vs. head-contact 4 7 5 landing flies (Wilcoxon ranksum test, p>0.05; Fig. S1B ). Also, the head-contact landing flies 4 7 6 extended their legs before touchdown, and did not initiate deceleration at a distance 4 7 7
proportional to velocity (Fig. 3D ). We filmed a single inverted landing from a batch of 4-6 4 7 8 flies. Therefore, we cannot ascertain from our data whether there exists a sub-population of the inverted surface, did not decelerate before touchdown. It is possible that these flies did For both vertical and inverted landings, flies initiated leg-extension at a point that 4 8 6 appears to be independent of distance from the landing substrate, and perpendicular velocity. In 10 out of the 32 inverted landings, the fly initiated leg-extension during takeoff. This extension in response to front-to-back optic flow (Borst, 1986; Borst, 1989; Borst and Bahde, 4 9 1 1986; Borst and Bahde, 1987; Borst and Bahde, 1988b) , and the leg-extension response is a 4 9 2 function of the size, velocity, and contrast of an object approaching the fly (Borst and Bahde, 4 9 3 1988a; Goodman, 1960). Furthermore, a sudden change in light intensity can lead to leg-4 9 4 extension in tethered flies (Borst, 1986; Goodman, 1960) . We are uncertain about the cues 4 9 5 that led to the initiation of leg-extension. More studies are required on the leg-extension are under finer control. We aimed to understand the rules used by houseflies to initiate two components of the contacted its head with the landing surface. The initiation of leg-extension appears to be 5 0 6 independent of approach velocity and displacement from the landing surface, indicating that 5 0 7 the leg-extension response is either not tightly controlled, or is sensitive to finer cues such as We thank Dinesh Natesan for providing us some of the codes to compute flight variables and The authors declare no competing financial interests. Funding for this study was provided by grants from the Air Force Office of Scientific which were elicited on a prism-shaped object and recorded by two synchronized high-speed of best-fit lines show a weak correlation between the quantities on the x and y axes. 
